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Abstract. We have obtained the full 1-200m spectrum of wavelength broad band photometry from the ground, and with
the low luminosity (36L) Class | protostar Elias 29 in thethe IRAS satellite and KAO observatory (e.g., Lada & Wilking
p Ophiuchi molecular cloud. It provides a unique opportunif§984; Adams et al. 1987; Hillenbrand et[al. 1992; Andt al.
to study the origin and evolution of interstellar ice and the iif£993). A classification scheme was made, where the continuum
terrelationship of interstellar ice and hot core gases around lemission of Class 0 and | objects peaks in the submillimeter and
mass protostars. We see abundant hot COtridlgas, as well far-infrared. These objects are still deeply embedded in their ac-
as the absorption bands of COQ-, H,O and “6.85um" ices.  creting envelopes. Inthe Class Il phase, the wind of the protostar
We compare the abundances and physical conditions of the gas cleared its surrounding environment, such that it becomes
and ices toward Elias 29 with the conditions around several weftically visible, and shows Hemission lines. The continuum
studied luminous, high mass protostars. The high gas tempamnission of these objects peaks in the near-infrared, but there
ature and gas/solid ratios resemble those of relatively evolviedstill significant excess emission above the stellar continuum.
high mass objects (e.g. GL 2591). However, none of the ice baFtey are believed to be surrounded by optically thick dusty
profiles shows evidence for significant thermal processing, agidks. Finally, little dust emission remains for Class Il objects,
in this respect Elias 29 resembles the least evolved luminausen the disk is optically thin, and planetary companions may
protostars, such as NGC 7538 : IRS9. Thus we conclude thatve been formed.
the heating of the envelope of the low mass object Elias 29 is Our knowledge of the physical and chemical state and evo-
qualitatively different from that of high mass protostars. This istion of the material surrounding protostars, has progressed
possibly related to a different density gradient of the envelopéth the availability of medium and high resolution spectro-
or shielding of the ices in a circumstellar disk. This result iscopic instrumentation at near and mid-infrared wavelengths
important for our understanding of the evolution of interstellgr 2—20 pm). The progress made, is best illustrated by the ob-
ices, and their relation to cometary ices. servations of high mass protostars, which are bright and easy to
observe. The (ro-)vibrational bands of various molecules (CO,
Key words: stars: formation — stars: individual: Elias 29 —ISMH,0, CH3OH, silicates) were observed from the ground, re-
dust, extinction —ISM: molecules—ISM: abundances —infraregealing profile variations of the 3.0i//m, and 4.67um H50O
ISM: lines and bands and CO ice bands (e.g. Smith et[al. 1989; Tielens ¢t al.|1991;
Chiar et al[ 1998). This was interpreted as evaporation of the
volatile CO ice, and crystallization &f5O ice in the molecular
1. Introduction envelopes. This heating effect is strengthened by the detection
of hot gas in 4.6.m CO observations (Mitchell et gl. 1991).
The general picture of low mass star formation has been formggth the launch of thdnfrared Space Observatoripn 1995
since the 1980's with the availability of infrared and millimetey|SO; Kessler et al_1996), it became possible to observe all

Send offprint requests 1é.C.A. Boogert other molecular b_ands in the infrared (Whitte_t et al. 1996). It
(boogert@submm.caltech.edu) was shown that .hlgh mass protogtellar evoI_ut|on can be traced
* Based on observations with SO, an ESA project with instrumerif the gas-to-solid abundance ratios (van Dishoeck et al. 1996;
funded by ESA Member States (especially the PI countries: Fran¥@h Dishoeck & Blake 1998), and the profiles of the ice bands,
Germany, the Netherlands and the United Kingdom) and with the péi-particular solidCO, (Gerakines et al. 1999; Boogert et al.
ticipation of ISAS and NASA. 2000). Thus, there is overwhelming evidence that thermal pro-
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hot molecular cores, plays an important role in the evolution of Sect{3.2. Then, numerous lines of gaseous COHytdl are

high mass molecular envelopes. detected, and modeled to derive gas temperatures and column
The composition and evolution of the molecular materialensities (Sedt. 3.3). The molecular abundances and gas-to-solid

around low mass protostars are not as well studied. It seemsatios of Elias 29 are compared to a sample of sight-lines, rang-

likely that the molecular material evolves similar to that arouridg from dark cloud cores to evolved protostars. A comparison

high mass protostars. Low mass protostars evolve much sloweth high mass protostars is made (SECi. 4.1). §edt. 4.2 discusses

release less radiative energy, drive less energetic winds, #émelorigin of the wealth of observed emission and absorption fea-

form disks. It is not established whether low mass objects pasres and puts them in a geometrical picture, where we review

sess hot cores as well, and whether the ices survive the pro¢heevidence for an extended envelope and an accretion disk. We

of star formation. If (some of) the ices survive, are they includenclude in Sedtl5 with a summary and suggestions for future

into comets, and if so, are the ice structure and composition stiiservations.

the same compared to interstellar ices? How important are en-

ergetic processes, such as cosmic ray bombardment, in altegn@bservations

the ice composition on the long time scale of the formation of
low mass stars? 2.1. The 2.3-4%xm spectrum

To investigate the influence of low mass protostars on the{now resolution ® = A\/AX = 400), full 2.3—-45.m spectrum
molecular envelope, we make an infrared spectroscopic sty#\elias 29 was obtained with the I1S8hort Wavelength Spec-
of Elias 29, also called WL 15 and YLW 7 (Elias 1978, Wilkingrometer(ISO-SWS; de Graauw et &l 1996) during revolution
& Lada[1983, Young et al. 1986). On a large scale, Elias 287 (August 10 1996). The ISO-SWS pipeline and calibration
lies in core E, which is in the south-east corner of the?Ipc  fjles, available in July 1998 at SRON Groningen, were applied.
extended compact CO ridge L 1688 (Loren et al. 1990) in thgye spectrum is generally of good quality, with well-matching
densest part of the Ophiuchi cloud, at a distance 6f160 pc yp and down scans, and no serious dark current problems, ex-
from the earth (Wllklng & Lada 1983; Whittet 1974) Itis thq;ept for band 2C (7_1am) Here, we found that the up and
reddest object found in the near-infrared survey of this cloud Bgwn scans deviate over the silicate band. One scan showed
Elias [1978), without a counterpart at optical wavelengths. Fgbod agreement with a ground-based spectrum of Hanner et al.
our observations, we used Elias’ coordinates (J2000): (1995), and we used this to correct the deviating scan. Standard
o = 16h927M09°.3 5 = —94°37'91". a.fter-pip.elir)e stepswer'e applied, such as low order flat-fielding,

sigma clipping and re-binning (see also Boogert ¢tal. 1998). The

The overall spectrum of Elias 29 is typical for a heavily emtwelve sub-spectrain the 2—4m range match fairly well at the
bedded Class | source, probably in a late accretion phase (Wikerlap regions. Small correction factorsi(5%) were applied
ing et al[1989; Ande & Montmerl€’1994; Greene & Lada 19960 correct for the band jumps.
Saraceno et al. 1996). The embedded nature is also revealed byt selected wavelength ranges (3-3.6, 4-9, and 19.5—
its high extinction, and by the cold compact envelope observed um), we also obtained high resolutiof (= 1500) 1SO-
at millimeter wavelengths (Anér& Montmerle 1994; Motte et SWS grating spectra, in revolution 292 (September 04 1996).
al.[1998). Elias 29 is associated with a molecular outflow (Bothese were reduced similarly to the low resolution spectrum.
temps et all_1996; Sekimoto et al. 1997). With a bolometrite found that the overall shape of the spectrum near;4=5
luminosity of~ 36 L¢, (Chen et al. 1995), Elias 29 is the mosis quite badly affected by detector memory effects, presumably
luminous protostar in the Oph cloud, which makes this sourcedue to the occurrence of scan breaks (de Graauw gt al! 1996).
very suitable for spectroscopic studies. The relatively high lumive corrected for this, by applying a wavelength-dependent shift
nosity, and high bolometric temperatufg,{; ~ 410 K) imply  to match the low resolution spectrum. This does not affect our
an age in the range 0.5-4719r (Chen et al._1995). In the pre-conclusions, since the high resolution spectrum was only used
main-sequence evolutionary tracks of Palla & Statiler (19939, study narrow features. Also, near 6.6 the scans deviate
this corresponds to a star with end mass 3.043:5 Elias 29 significantly because of memory effects. This problem is re-
might thus be a precursor Herbig AeBe star. This classificatifiacted in the large error bars given in this paper, as they were
is however uncertain. For example, it has been argued from theived from the difference between the average up and down
SED, and the absence of mid-infrared emission features, tba&ns.
Elias 29 is a 1M, protostar with a large accretion luminosity,
gggcg.spectral type of K3—4 at the birth line (Greene & Ladzz_ The 45-19@m spectrum

This Paper is structured as follows. Technical details dtlias 29 was observed during Revolution 484 (March 14 1997)
the 1SO infrared observations are given in Sdct. 2. All the olth thelSO Long Wavelength Spectrome&O-LWS; Clegg
served emission and absorption features are discussed in detaill. [ 1996). We obtained 15 scans covering the range from
in Sect[3. Seci3 1 gives a description of the continuum shapd,um to 197 um in the low resolution modeK ~200) for
and a comparison to other lines of sight. The ice compositiartotal of 2611 sec of integration time. The data were reduced
and thermal history, and the silicate band depth with inferreding the Off-Line-Processing package (OLP) version 7 and the
extinction and column densities toward Elias 29 are discusd&®D-Spectral-Analysis-Package (ISAP) version 1.3. The spec-
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! ! ! ! Fig. 2. Spectral energy distribution of Elias 29 compared to the high
1 10 100 1000 mass protostars GL 7009S (Dartois efal. 1998a), and GL 2591 (van
A (um) der Tak et al. 1999). The spectrum of the Herbig Ae star AB Aur is a

&_ompilation of continuum observations taken from Mannings (1994),
and is further discussed in Séct]4.2. The flux scale of each spectrum
has been divided by the values given in brackets.

Fig. 1. Spectral energy distribution of Elias 29, consisting of groun
based observationa (<2.4 um; Greene & Lada 1996), an ISO-SWS
spectrum A =2.4-45pm), and an ISO-LWS spectrum\ (=45—
195um). The data point at 1300m is taken from Ande & Montmerle

(992), which we have connected with a dashed straight line to t L .
ISO-LWS spectrum, to guide the eye. The dotted line is the adopt?%N”kmg 1984, Young et all_L356). The reasonable match of

continuum, as determined by blackbody fits and by hand. The opz}? ISO-SWS and LWS spectra (Sect. 2.2) indicates that also at

S p
circles are ground-based and IRAS observations (see text). The fop ™ the emission is not very .ext.ended @5”). At 100 pn,
inset shows a magnification of the 10—206: region. however, some large scale emission may be present, since the

IRAS flux, observed in a 5.5 times larger aperture, is a factor of
tra were flux calibrated using Uranus (Swinya_lrd ef al. J.ggé.laﬁg ggsn;ﬁ%zdstgéh; Sgg@iﬂﬁgﬁg{ from that of mas-
We find that ?t th_e ISO-SWS/LWS overlap region neap_ﬁﬁ ive protostars such as GL 2591, and GL 7009S, which peak in
LWS has 35% higher flux than SWS‘ 'I_'h|s d'ﬁere’_‘c? IS On&e far-infrared (Fid-12). It has been proposed that the shape of
sllghtly larger than the abs_o!ute calibration ur)certamues Of.tlgch{Ds is independent of the luminosity of the central object, and
two instruments, and thus itis dogbtful t_hat this can be ascan% ther determined by the total dust column density along the
to the presenceﬁof extendeq/em|ssmn in the Iarger aperturqiﬁ)fof sight (lvezic & Elitzui19977). In the “standard model” of
I.SO_LWS ¢ 807 versus 257). We therefore decided to mul- Ivezic & Elitzur, GL 2591 and GL 7009S would have a column
tiply the LWS spectrum down with this factor. density corresponding to aAy of several hundred. Elias 29

must have amMy < 100, because it does not peak in the far
3. Results infrared. However, the flatness of the SED up to 1@®@is not
reproduced in these models. A lower column density alone thus
cannot explain the differences between the SED of Elias 29 and
Elias 29 is only visible at wavelengths larger thai.5 ym massive protostars. Other factors, such as a different density
(Greene & Lada 1996; Elias 1978). Our ISO observations shgradient, and the presence of a circumstellar disk are probably
that the continuum emission rises steeply between 253 important. We will discuss the structure of Elias 29, in relation
reaches a maximum ofF,=15x10~1 W ecm~2 at A ~5 um, to the detected gas and ice absorption features, in[Sédct. 4.2.
and is remarkably flat witth\F~ 8 x 1076 W cm~2 be-
tween 20 and 10@m (Fig.[). The emission has dropped t
AP\~ 4 x 1076 W em~2 at 200um, and by four orders of
magnitude at 130@m. Our near-infrared spectral continuunNumerous absorption bands of ices and silicates are present in
fluxes are in excellent agreement with broad band fluxes frahe infrared spectrum of Elias 29 (Fig. 3), such that hardly any
ground-based observations (Ellas1978). Also the ground-ba&gean’ continuum emission is left. We identify each band, de-
smallbeam 10 and 20m observations, as well as the large beamive column densities, and, when possible, determine the ice
12 and 25um IRAS fluxes, match the ISO-SWS observatiomantle composition and thermal history. The full spectrum also
well, thus indicating that at these wavelengths the emissionaltows a determination of upper limits of abundances for unde-
well confined within a region of’8in diameter (FigL; Lada tected, though astrophysically relevant molecules. The column

3.1. The spectral energy distribution (SED)

%.2. Ice and dust absorption bands
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densities for the species discussed below are summarized in A (um)
Table1.

Fig. 4. Optical depth spectrum of Elias 29, assuming the continuum
indicated in Figd11 arld 3. The light, thick line is a laboratory spectrum
3.2.1. HOice of H2O ice atT =10 K (Hudgins et al._1993). All fivél,O ice

. ] o vibration bands can be discerned.
The infrared spectrum of Elias 29 shows all the vibration modes

of H,O ice in absorption (Fig]4). We see the O-H stretching

mode at 3.Qum (“v1, 3" in spectroscopic notation), the O—Htaneously fitted a blackbody continuum, normalized at il

bending mode at 6.0m (“14”), the libration or hindered rota- and a laboratory ice spectrum to the observed fluxain8nd

tion mode at~12 um (“vp”), the combination mode at 4/5m  the shape of the 6.,0m feature (FigLh).

(“3wy” or “ve 4+ 1v”), and perhaps the lattice mode-a45 pm. The shape of the 6.,0m H,O bending mode is particularly
The continuum determination is complicated by the largensitive to the ice temperature (e.g. Maldoni et al. 1998). At

width of all these bands. In accordance with other studies (Smitigher 7" in the laboratory, the strength of the main G.th

et al[1989; Schutte et al. 1996; Keane ef al. 2000), we used siomponent decreases at the expense of more absorption in the

gle blackbodies to fit the continuum locally, directly adjacent tong wavelength wing. In the spectrum of Elias 29, the wing

the absorption bands. For theutn band we took into account cannot be seen as a separate feature, sinceuat & blends

that laboratory spectra of the bending modedgD ice show with the very deep silicate band. However, the observeg 0

a prominent wing on the long wavelength side, extended uphliand is relatively sharp, and it can only be fitted Wit}O ice at

8 um (e.g. Hudgins et al. 1993, Maldoni etlal. 1998). We simulF' < 80 K, with a best fit afl’ = 40 K (Fig.[5). The excellent fit
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A (pm) (thin solid line). The thick gray line is the spectrum with a gas phase
Fig. 5a and b.Analysis of the 3.Q:m aand 6.0um b absorption bands CO model subtracted (see text). The dotted line represents the spectrum
of H>O ice. In paneh, the thick gray line is a laboratory spectrum off the high mass protostar NGC 7538 : IRS9 (divided by 7.5; Tielens
pureH, O ice atT’ =40 K. The dashed line is a spectrumidfO:NH; et al.[1991) showing the similarity of the band profiles.
=10:1 (' = 50 K). The dotted line gives a calculated band profile of
a large ice grain (see text). Patethows the 5-m spectrum, with
laboratory spectra & = 40 K (thick gray line), and af’ = 100 K  tet[1990), there is no unified grain model yet that obeys all the
(thin, solid line), showing that only low temperatures provide good figshservational constraints (e.g. Smith efal. 1993; Tielens|1982).
to Elias 29. The dashed I_|ne s_hows the assumed blackbod_y _Cont'nuWRernative absorbers at the long wavelength wing have been
'Igh((e)narrow gbsorpt;on lines in the observed spectrum originate f“HFbposed, such &%,0.NH; bondings. As illustrated in Fif] 5,
20 vapor (Sect.313). this effect is however small at the low column density ratio of
NH3/H,O < 0.13 toward Elias 29 (Sect. 3.2.7). A small contri-
bution is also made by absorption by hydrocarbons (Sect. 3.2.4).
to the 6.0um band in Elias 29 indicates that the 5.83 andG:? The peak optical depth of the 3/n band is 1.85-0.08,
excess absorptions detected toward several massive protosthish is in excellent agreement with the study of Tanaka et al.
(Schutte et al. 1996, 1998; Keane et al. 2000), are not seer{liB90). Using an integrated band strength- 2.0 x 106 cm
this source (Sect. 3.2.7). molecule !, we derive a column density af (H,O)= 3.0 x
The observed peak position of the stretching moddgd 108 cm~2 for the small grain model, andl.7 x 10'® cm—2
ice toward Elias 29 is 3.Q7#0.01 ym. The short wavelength for the large grain model. Since at present we can not favor
wing is well matched with a laboratory ice &t=40 K, as for one of these two cases, we will assume an average value of
the bending mode (Fifil 5). The long wavelength wing, howy (H,0)= (3.440.6)x 10'® cm~2 in this paper. The error bar
ever, is poorly fitted. It has been realized since long that lighlso includes the uncertainty in band strength, which increases
scattering by large ice grains leads to extra extinction on thdéth 10% when the ice is heated from 10 to 100 K (Gerakines
long wavelength wing (e.g. &ger et all 1983). To illustrate et al[ 1995). Note that a column density determination from the
this, we calculate the extinction cross section for spherical sifi:0 ym bending mode is more uncertain due to the unreliable
cate grains coated with ice mantles, applying the code giverciontinuum on the long wavelength side (Fil. 5). At this column
Bohren & Huffman|(1983) and the optical constants of Drairgensity of H,O ice, the depth of the other vibrational modes
& Lee (1984) and Hudgins et al. (1993). Indeed, grains wiib in good agreement with the observed spectrum of Elias 29
a core+mantle radius 6f£0.6 um provide a much better fit to (Fig.[4).
the long wavelength wing than small grains do (Fig.5). This
effect is unimportant for the 6 m band since it is intrinsically 3
weaker, and the grains are smaller compared to the wavelengt
In a more realistic approach, a distribution of grain sizes, as w&he CO ice band at 4.6/m in Elias 29 is contaminated by
as constraints to other observables such as continuum extiggs phase CO lines from low levels (Figdb and~10). In
tion, the total grain and ice column densities, and polarizatiparticular, the P(1) line lies in the center of the ice band at
need to be taken into account. Although there is a general cdi674 um. To study the band profile, we subtracted a model
sensus that large grains need to be invoked (e.getet al. for the gaseous lines &, = 750 K, N = 5 x 10'® cm~2,
1983; Pendleton et al. 1990; Smith et al. 1989; Martin & Whiandbp=5km s~! (Sect[3.B). This increases the ice band width

E.Z. COice
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by 0.9 cm~!, to FWHM=4.40cm~! (0.010pm). With a peak ® 0.0
position of 4.673um (2140.1cm™1'), the CO ice band ob- “cor
served toward Elias 29 is similar to that of the luminous prote=
star NGC 7538 : IRS9 (Fifi] 6; Tielens et[al. 1991; Chiar et ag
1998). The main, narrow component at 4.648 is attributed >

to pure solid CO, or CO embedded in an environment of apg
olar molecules. In particular, mixtures with,Oat an G/CO ;
ratio as much as 5 (Elsila et al.”1997; Chiar efal. 1998) proviQ§
good fits. Mixtures of CO withCO, are generally too broad g 1.0
(Ehrenfreund et al. 1997). While the apolar, volatile componerit
dominates the spectrum, both Elias 29 and NGC 7538 : IRS9
show evidence for a wing on the long wavelength side. This is
attributed to CO diluted in a mixture of polar molecules sucks ook
asH,O andCH3OH (Chiar et al_1998; Tielens et al, 1991). % ~ 't
Assuming a band strength = 1.1 x 107 cm molecule™! for 2
both the polar and apolar components (Gerakines et al. 199§),
we deriveN (CO ice)=1.%&10'7 cm~2 with an apolar/polar ra- 3,

tio of ~8, comparable to NGC 7538 : IRS9. These results afé [ E2g ]
in good agreement with the ground-based study of Kerr et al. 9-1[ N7538 : IRS9 [+2.3] (b) -
(1993). Although NGC 7538 : IRS9 seems to have a larger po- N B R B
lar CO component in Fi@ll6, this difference may merely reflect 3.2 3.4 3.6 3.8
uncertainties in the continuum subtraction, and the fact that the A (um)

NGC 7538 : IRS9 spectrum is not corrected for gas phase ?8 7a and b. Spectral structure in the long wavelength wing of the

lines. 3.0 um band.a the merged high® = 1500) and low (R = 400)
resolution spectra and the assumed polynomial continuum (dotted line).
3.2.3.C0O, ice b optical depth plot of the detected 3.4 feature. The gray, thick
line represents the ground based spectrum of the high mass protostar
The absorption bands &O- ice are prominently present inNGC 7538 : IRS9, divided by a factor of 2.3 (Brooke et[al. 1999),
the infrared spectrum of Elias 29 (Fid. 3). We see the stretchisigpwing the C—H stretch mode of sol@Hs;OH at 3.54m. This
and bending modes at 4.27 and 1h:R respectively. Not vis- feature is absent in the spectrum of Elias 29.
ible in this spectrum is the stretching mode of sdf€O, at
4.38um, although the high resolution spectrum (FEigl. 10) shows

a hint of its presence. A very sensitive observation is present@¢h on each side of the feature was assumed to start at 3.37
elsewhere (Boogert et &l. 2000). TH&O, bending mode and and 3.61,m. It must be emphasized however, that in particular
the '*CO, stretching mode have proven to be very sensitive i, the long wavelength side, the continuum is poorly defined.
ice mantle composition and thermal history. In Elias 29, theﬁﬁting a smooth 6-th order polynomial results in an absorption
bands do not show the narrow substructures seen in many ofigtd centered on 3.49.03 um with a peak optical depth of
protostars, and attributed to heated pdl&), ices (Boogert et g g (FigLT). The width is FWHM=12040 cm~!, where
al.[2000; Gerakines et al. 1899). As for the CO ice band [Fig. @)e uncertainty includes the poorly constrained continuum on
the width and peak position of tHéCO, band very much re- the |ong wavelength side. Features of similar width and peak
semble that of the luminous protostar NGC 7538 : IRS9. Thuysssition have been detected in several massive protostellar ob-
the CO,, ice toward Elias 29 is mixed in with polar moIecuIesJ-,ects (Allamandola et al. 1992) and in low mass objects and
and is not much affected by heating. TH€O, column den- quiescent molecular cloud material (Chiar efal.1996). A likely
sity is 22+4% relative tol, O ice, which is comparable to thegndidate for this 3.47m band is the C—H stretching mode
values reported for high mass protostars (Gerakines etal 1999hydrocarbons. From the correlation of peak optical depths of
Finally, we derive an isotope ratio 6fCO,/'*CO»=81:111in  this feature and the 3/an ice band, itis concluded that the car-
the ice toward Elias 29, which is well within the range foungler for the 3.474m band resides in ices rather than in refractory
for the local ISM (Boogert et al. 2000). dust (Brooke et al. 1996). We find that wit(3.47 4m)=0.06

andr(3.0um)=1.85, Elias 29 follows this correlation very well.
3.2.4. The 3.47%:m band

The long wavelength wing of the deep 3.t absorption band 3-2-5- CHOH ice

shows a change of slope at 3.3&, indicative of a shallow | several high mass protostars, the 3;4i band is blended
absorption feature (Fi@l 7). This feature is also detected in @ih a distinct narrow feature centered on 3 /54 (Allaman-
independent ground based study of Elias 29 (Brooke et gbja et al 1992). This feature is ascribed to the C—H stretching
1999). For consistency with ground based studies, the confiRgde of solidCH;OH. A direct comparison with the high mass
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A (wm) Fig. 9. alSO-SWS spectra of the silicate band region of Elias 29 and
Fig. 8. Optical depth plot of the 5—-8m region of Elias 29, after sub- NGC 7538 : IRS9. The dashed line is the local continuum for the solid
traction of anH-O ice spectrum ai’ =40 K as well as aiflo,O gas NHsz inversion mode, similar to that defined in Lacy et &l. (1998).
model atT,x = 300 K, N = 2 x 10*® em™2, bp=2.5km s~ . This b the residuals after continuum subtraction for Elias 29 (solid) and
figure highlights the 6.8%m absorption feature. The thick gray linesNGC 7538 : IRS9 (dotted).
give a comparison with the massive protostars NGC 7538 : IRS9 (top)

and S 140 : IRS1 (bottom; shifted down 0.08 along the optical depth . . . .
axis). deviates from warmer lines of sight (e.g. S 140 : IRS1;[Hig. 8).

Thus, in this picture, we find that the material responsible for

the 6.85um band toward Elias 29 is not significantly thermally
protostar NGC 7538 : IRS9 shows that, although the 347 processed. Giventhe low upper limits to thH; OH ice column
bands have similar shapes, the 3/ah feature is absent in density toward Elias 29, only a fraction of the band, as for high
Elias 29 (FigLY). We determine ar3upper limit to the peak mass objects, can be explained by the C—H bending mode of
optical depth ofr(3.54 um)<0.036. Scaling with the observedCH3OH ices (Schutte et &l. 1996). For a detailed band profile
depth and column density in NGC 7538 : IRS9 (Brooke et analysis and a discussion on the origin of the §.86band, we
1999), then results in an upper limit to tlid;OH ice col- refer to Keane et all (2000).
umn densityN (CH;OH ice)< 1.5 x 107 em™2, or less than
5% ong_O ice tOV\_/ard Elias 29 (Tablg 3). The other modes c§(127 Upper limits to solidH,, NHs, H,CO, HCOOH,
CH3OH ice are either much weaker, or are severely blende OCS. and ‘XCN’
with the strongH,O and silicate bands (e.g. the C-O stretch- ’
ing mode at 9.7um; Schutte et al. 1991; Skinner et @l. 1992%everal solid state species have been detected toward luminous
and thus do not provide better constraints on@i#;OH ice protostars, but are absent toward Elias 29. The deformation
column density. Toward other low mass objects, and quiescemde of solidCH, was detected toward protostars, with a peak
dark clouds, low upper limits have been set to @#;OH ice positionat 1308m ! (7.67um), and awidth FWHM=1%m~*
abundance as well. THeH;OH ice abundance found in mas-<Boogert et al. 1996; Dartois et al. 1998b). For Elias 29 we can
sive protostars is generally of the same magnitude (Chiar etedclude this band to a peak optical depthrok0.03, corre-
1996), but in a few objects significantly larger (Dartois et akponding toN(CH4)/N(H20)<1.5%. This & upper limit is
1999), than these upper limits. comparable to the detection in NGC 7538 : IRS9 (Boogert et al.
1996).

Solid NH; was detected by its 9.10m inversion mode
toward NGC 7538 : IRS9 (Lacy et al. 1998). Using the band
Elias 29 is the first low mass protostar in which the 686 strength determined in Kerkhof et al. (1999), tN&l; col-
absorption band is detected (HigJ. 5). After subtraction of thenn density is 13% oH,O ice. Recent detections in other
H-O ice band and the gas phaBHgO lines (Fig[8), we find highly obscured lines of sight give similar (W 33A; Gibb et
that it has a peak optical depth of~0.07 and an integratedal.[2000), or a factor 2 largé¥H3 abundances (Galactic Cen-
optical depthri,; = 7.8 & 1.6 cm~!. When scaled to thH,O ter; Chiar et al[”2000). To find this band in the deep silicate
ice column density, the strength of the 6.8m band toward feature of Elias 29 we take the same approach as Lacy et al.,
Elias 29 is similar to high mass protostars (Keane etal. 20008y fitting a local straight line continuum to the wavelength re-
The band profile, e.g. the sharp edge at Gubagrees very well gions 8.52—-8.69 and 9.20-9.5. As a check, we perform the
with several high mass objects, in particular those tracing ‘colsame procedure to the ISO-SWS spectrum of NGC 7538 : IRS9
gas and dust (NGC 7538 : IRS9, W 33A, GL 989). It clearlgFig.[d). We confirm the detection of Lacy et al., although the

3.2.6. The 6.8um band
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peak optical depthr ~ 0.16 is a factor 2 lower in our case.upper limits to these features ©f<0.03 (Fig[®8). Thus, in par-
We ascribe this difference to the calibration uncertainties t€ular the 5.83.m feature toward Elias 29 is significantly less
ISO-SWS at this wavelength (LeeCh 2000). For Elias 29,paonounced compared to high mass protostars. Using the band
feature witht ~ 0.06 might be present. However, due to thetrengths and typical widths given in Keane et/al. (2000), we de-
poorly defined long wavelength side of the continuum (Big. 8ive 3o column density upper limits oV (H,CO) < 6 x 1016
and the ISO-SWS callibration uncertainties, we will assumesa—2, and N(HCOOH) < 3 x 106 ecm~2. With abundance
conservative upper limit to this band ef <0.1. This corre- upper limits of 1-2% with respect i@, O, these aldehydes are
sponds to a column density 8f(NH3)< 3.5 x 10'7cm ™2, i.e. thus minor ice components. For comparison, toward high mass
N(NH3)/N(H20)<13%. Other vibrational bands &fH; do objects it is typically 3% or higher.
not provide better constraints. The equally strong N—H stretch- An absorption feature has been detected at 2@4@mn !
ing mode at 2.9Qum (d’'Hendecourt & Allamandola 1986) is (4.90 um) in lines of sight toward several massive protostars
hidden in the steep wing of the 3/an ice band, and there (Palumbo et al._1997). With a width FWHM=2% cm™!, it
is no significant difference in this region between the laborhas been ascribed to absorption by solid OCS. For Elias 29 this
tory spectra of purél,O ice and the mixturdl,O:NH3=10:1 feature is not detected with a peak optical depth0.01 (3),
(Fig.[H). A similar problem exists for the N—H deformation modeorresponding taV(OCSXx 1.5 x 10*® ecm~2 or < 0.05% of
at 6.16pm, which is hidden in the long wavelength wing of théd, O ice. This upper limit is of the same order of magnitude as
H>0O bending mode (Keane et al. 2000). A feature with a ped#thke detections in W 33A and Mon R2 : IRS2 (Palumbo et al.
optical depth ofr <0.025 would be expected here (Sandfori997).
& Allamandola1998). When subtracting water ice and vapor Finally, toward several high and low mass protostars a
absorption, a weak band with an optical deptk 0.03 perhaps feature has been detected~a2166cm—" (4.62 ym) with a
remains present at the expected wavelength[(Fig. 8). Given width FWHM~20cm ™! (Lacy et al[1984; Tegler et al. 1995).
other positive and negative structure in the spectrum, we regdids feature is absent in Elias 29, with a peak optical depth
this also as an upper limit, however. 7 <0.01 (). If this feature is caused by the=t\ stretch-
TheH,O-subtracted 5.0-6 5m wavelength region (Fil 8) ing mode in ‘XCN’, this corresponds to a column density
does not show the features detected toward high mass protosta¥CN)< 6.7 x 10'° cm~2, or less than 0.2% df, O ice (ap-
(Schutte et al. 1996; 1998; Keane etal.2000). At g:@b(not  plying A = 3 x 10~'7 cm molecule!; Tegler et al. 1995). This
to confuse with the feature &fHj; ice at slightly shorter wave- is considerably less than the detections made toward high mass
length; see above), a feature has been associated with absormtimects (e.g. W 33A) and several low mass objects (Elias 18;
by carbonaceous dust (PAH). At 5.83n a broad feature hasL 1551 : IRS5; Tegler et al. 1995). This feature has not been
been assigned to the C=0 stretching mode of solid HCOOH, athetected in the quiescent regions of the Taurus molecular cloud
a narrow feature of solid $CO (Keane et al. 2000). Scaling the(Elias 16; Tabld_B). For a more elaborate discussion on this
features observed toward NGC 7538 : IRS9to the lddygd ice feature, and the proposed carriers, we refer to Pendleton et al.
band column density toward Elias 29, one would expect peak ¢©999).
tical depths g3 = 0.06 andrg 25 = 0.03. Our spectraindicate
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3.2.8. Silicates observed absorption lines: the column dendéitythe Doppler

. . . . arametebp, and the excitation temperaturfg, . Reliable col-
The absorption bands of the Si-O stretching and bending mogﬁ?n densities can only be derivedif is a priori known, which

of silicate dust are prominently present at @i and 18y:m in many studies (like ours) is not the case, since the lines are

(Fig.[3). We derive a peak absorption optical depth of the:h7 unresolved. At low values dfp, the lines become easily opti-

bandry ; = 1.38 (Fig.[4), which is in excellent agreement W'thC?”y thick, and much larger column densities are needed to fit

the ground-based study of Hanner etlal. (1995). It is likely th o observed lines, compared to models with Highvalues
this is a lower limit, since the absorption bands have been par ||¥d optically thin Iir’1es '

Qilaerd ll\go\élvglri]nsmgfa :ﬁeegussmr;"fi:)ar; hbogn%ufév\?:r%r é?izsprzoéo_ We emphasize that our assumptions of collisional excitation,
) 9 fum 'and LTE at a singlé/.,, need not be valid. There is likely a

including emission and absorption, shows that ranges be- - . .

; : : C temperature gradient along the line of sight, as expected for a
tween 1.51 and 3.38 for optically thick and thin emission respec: iostellar envelope. The LTE assumption mav not aooly for
tively (Hanner et al. 1995). A better fit is obtained for opticall P pe- P y PRl

thick emission, In contrast, for luminous protostars optical¥he high rotational levels, which have high critical densities.
thin emission has been generally assumed. Using the rela |30, the energy levels may be pumped by infrared photons,

. o rather than being collisionally excited. Bearing these caveats in
To.7 = 1.4 19.7(obs) + 1.6 (Gillet et al.[1975; Willner et al. mind, we will he?e focus on geriving Cco amﬂzg gas column
1982), yieldsrg 7 = 3.53 for Elias 29. :

For these values af, -, the visual extinctiondy ranges be- densities and temperatures using the LTE models.
tween 28 and 65, assuming the standard relatipyiry ;=18.5
(Roche & Aitken"1984). However, these limits are likely over3.3.1. CO gas

estimated (30-50%), because of the anomalous extinction CUNYR 4.4-5.0um region shows absorption lines of gas phase
due to larger grains in theOph molecular cloud (Bohlin etal. 15 -up '.[ourotational quantum numbek,,,=33 in the R-
’ ow ™

1978; Martin & Whittet 1990). Independent extinction determ'B _an ;
. ranch, and/}.,,=36 in the P-branch (Fig.10). The P(1), P(2)
nations, such ady <48 from the H-K broad band color andand R(0) lines are blended with the CO ice band at 467

s . .
Ay <80 from C*O observations (Wilking & Lada 1983), doand the H Pf 3 emission line at 4.653m. For all other ab-

n:tgqlpgfoMsol\:e thlls 'i‘;%i M'”'(Tfr:er contl_nL]lcum ?jbjealat'cl’%%rption lines we determined equivalent widths to construct a
(Andre ontmerie H), and the near-infrared J-H co Yotation diagram. A rotation diagram gives a first impression of

(Gr(_T_(fe]net, ?”IVH c(;)mm.), sulgges'éa re!at|vily]\lfﬂ\g <+?;(])\'[ 0 the temperature components present along the line of sight, as
 total hydrogen column densityy; = N (H 1) (Hz) well as their column densities (or lower limits for optically thick

is closely rglated tqg,7, and, in contrast to the derivation (?flines). For technical details on constructing such a diagram we
Ay, the derivedVy is not strongly affected by the large IrdNoter to Mitchell et al. (1990), and Boogert et al. (1998). The

Zl.irislg /I) S?/Ip?é (;A‘kﬁizly;?gaftfg?;rdRggg\éegig:kga:t(l)gssg)r thzgquivalent widths were converted to column densities, using the
: ' ’ ) e illator st ths of itch (1994). F&iCO (Fig. ,
find Ny = 0.5-1.2x 10?3 cm 2, depending on the applied . oscillator strengths of Goorvitch (1994) O (Figl11a)

. . . : find two regimes with very different slopes, correspondin
To be consistent with studies of high mass protostars, we VﬁFtemperaturgg” L= 00+ 4%/ K and Th., :p 1100 + 308 K 9

assume in the. abgpdance cglcylatiqns, the Vf”"”e correspon g&%ectively (with 3 errors). However, the slopes of the R- and
to OP"C?;QV thl’; silicate emission, i.e. the high limiy = P-branch lines of the hot component are different (E1§. 11a), re-
1.2 x 10 em™* (Tablel3). sulting inTy..; = 1700+£420 Kwhen fitting to the P-branch lines
only. A possible explanation is that CO is excited by continuum
3.3. Gas phase absorption lines photons rather than collisions. The rising continuum may lead
to a higherT,.; for the P-branch with respect to the R-branch.

Thg high re§olut|on 4.00-8.5@n spectrum 0 f EI'|as 29 ShOWSThis effectbecomes stronger when the photons released after de-

an impressive number of narrow absorption lines of gaseous._.. .. :
. . - eXcitation of R-branch levels are re-absorbed in P-branch levels.

CO andH,O (Figs[8 and_10). We determined local contin, .. o :

m points by hand and connected these. using a smooth Igagllatlve excitation has also been used to explairtiie ro-

ElL:: S IOlir:e inteyr olation. Then the data Werleucc;ngerted too IJBrational spectrum toward Orion BN/KL (Gonzalez-Alfonso

P P : e PEF al. 1998). The fact that th&,O P-branch lines are seen in

cal depth scale, and the absorption lines were modeled, usin

the ro-vibrational spectra of gaseous CO ahd) described ¥ Nission for Orion BN/KL, rather than in absorption as for CO

. : " O anHQO; Sect. 3.3.2) toward Elias 29, may reflect a different
in Helmich [1996). These models assume the gas is in I‘Oo|aensit radient toward Elias 29, such that the photons are not
Thermodynamic Equilibrium (LTE), and has a single excita- Y9 ' P

. L ; - able to escape the envelope. Additionally, collisional excitation
tion temperaturd’,,. The absorption lines have a Voigt profile P P Y

and are Doppler broadened to a widi (=FWHM/2v/In2). in shocks may be of less importance in Elias 29 compared to

. . rion BN/KL. A more careful analysis is needed to discrim-
The line oscillator strengths are calculated from the HlTRAﬁate between the radiative and collisional excitation models,

database (Rothman et al. 1992). Finally, the spectrum is con- : .
. ) . .~ and alternative explanations, such as non-LTE effects.
volved with a Gaussian to the resolution of our observations

) . The column densities that we derive from the abscissa in the
(R = 1500—-2000). Thus, three parameters are varied to fit thr%tation diagram ar&/(CO)= 1.7 x 1017 andN(CO)= 3.5 x
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Fig. 11a—d.Analysis of the gas phas@CO and'3CO lines detected toward Elias 2Banel ashows the rotation diagram of théCO lines,
indicating the presence of hot and cold gas along the line of sight by the different slopes at high and low rotationBhiegktsshows they2

contour diagram of model fits to the observed ro-vibrational R-branch spectrum of ga$€usy2 values are shown for the temperat(itg
versus'2CO. column densityV at constant velocity broadenings of 5 km s * (dotted) and 1&km s~ * (solid). We only show models that
provide acceptable fits to the data, . < 4. Panel cshows the rotation diagram of the detect2@O lines (see Fig12). Open symbols refer

to 13CO lines heavily blended with>CO lines, and are not used to determine the physical parameters. The straight line indicates the best fit,
with a gas temperaturB..; = 85 + 57 K, and a column densityW (**CO)=(1.1 £ 0.2) x 10'” cm~2. Panel dgives thex?2 contour diagram

of model fits to the observeld CO lines. x?2 values are shown for the temperat@tg versus'®>CO column densityN for constant velocity
broadening$p=2.5km s~ ! andbp=10km s~!. Only acceptable fits to the data, havigf < 3.5, are shown.

10'7 em—2 for the cold and hot CO components respectively. Tihe column density is poorly constrained. Although the best
better constrain the column densities and derive more reliafits with x2< 3 have N(CO)=(8+4)x10'® cm~2 at T,,, =
temperatures, one has to take into account optical depth effe6f), +- 150 K, reasonable fits are obtained at aWyCO)> 2 x
using the LTE model spectra discussed above. We chose to fit®® cm—2 for this hot CO gas.

the frequency range 2170-2286 ! (Ji, > 7 in R-branch), Several'*CO lines can be seen in between tH&O P-
thus minimizing the contribution from the cold CO componerdranch lines (Fig.12). At the resolution of our observations,
and contamination b}? CO lines (see below). We find that goodthe blending with thé2CO lines hinders analyzing the much
fits to these high R-branch lines are obtained only for line widthgeaker'2CO lines. But using several well separated lines, we
bp> 3 km s~!. Sub-millimeter emission line studies indicatevere able to construct a rotation diagram (Eig. 11c). We find
bp=3.6 kms~! for CO J= 6 — 5, but much lower values that they result from cold gas @t.; = 85 + 57 K (3o error),

of bp=1.2km s~ ! for C¥0O J= 1 — 0 and CS & 5 — 4 in good agreement with the coldCO gas temperature. In the
(Boogert, Hogerheijde, et al., in prep.). Indeed, studies of otragtical thin case, the column density of this cold component
sources have shown that, as a rule, infrared absorption linesia® (1*CO)=(1.1 4 0.2) x 10'7 cm~2. However, the detected
broader than sub-millimeter emission lines (van der Tak et &CO lines could still be optically thick. Therefore, we also
1999). FigllIlb shows the? contour diagram of temperaturemodeled thé?CO spectrum, and determine tie after subtrac-
versus column density for two values of the line wibtlg=5, and  tion of a good fitting hot?CO gas model (Fig§.11d abd]12). In
bp=10km s~'. The bestfitting models have temperatifgs= the optically thick case, such as fas=2.5km s—!, the column
11004400 K, in good agreement with the rotation diagrandensity can have awide rang&?>C0)=(2+1.3) x 107 cm~2.

At bp=10 km s~! the column density is well constrained tdJsing the isotope abundance rat®CO/*CO=80 (Boogert
N(CO)=(1.3t 0.5)x10'® cm~2, which is a factor of 3 larger et al.[2000), the inferred colé#CO column density is thus
compared to that derived from the rotation diagram. Thus &t(*2CO)=(16 & 10) x 10'® cm~2. There is also evidence for
bp=10km s~! the lines are still somewhat optically thick. At'*CO lines of warm gas.f.., > 9), but at low significance
lowerbp=5km s, the lines become very optically thick, and
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Fig.12. The P branch of gas phase CO observed in Elias 29 (top)al [2000)

compared with a well fittind?CO gas model afl., = 750 K (N = b Single temperature model with..=300 K

5x 10" em™?,b = 5 kms~"). The bottom panel shows the residuat poyple temperature model with fixe¥ho: — 5 x 107 cm ™2
after subtraction of th&?CO gas model, which contains lines of cold

13CO0 gas. For comparison, #CO model is plotted [ = 50 K,

_ 17 -2 _ —1 R . .
N=2x10"em™,b=25kms™"). narrower lines the column density can be an order of magnitude

larger.
In a second approach, we test whether both hot and cold
H,0 vapor components could be present along the line of sight,
much like the hot and cold CO components. We fitted the re-
(< 20) and no reliable temperature or column density could Rfons 5.5-5.8 and 6.55—7.3n, which do not contain lines from
derived. the lowest rotational levels and thus are particularly sensitive to
We conclude that the CO gas along the line of sight cofarm H, O vapor along the line of sight (Helmich et &I 1996;
sists of two temperature componerits,; = 90 + 45 K and  Dartois et al 1998b). The excitation temperature of this gas is
Trot = 1100 £ 300 K. The column density of both compo-7;, = 500 4 300 K, with column densities similar to that of
nents depends highly on the assumed line optical thickness (ffg single component model. In the high temperature regime
ble[2). Until the intrinsic line width is directly observed by veryT,, >500 K), the modeled line depths in the 6.0—@15 re-
high spectral resolution observations, we can only give a lowgibn, tracing colder gas, are significantly underestimated. To
limit of N(CO-hot)> 2 x 10'® cm~?2, while N(CO-cold) is determine the temperature and column density of this possible
not well constrained, i.g16 + 10) x 10'® ecm~2. Given that ¢old component, we fitted the sum of a good fitting hot gas model
Nu = 1.2 x 10*% cm~2 toward Elias 29, a total gas phase CQr., =500 K, N = 5 x 1017 em~2, bp=5.0km s~1) and a grid
column densityV(CO)=12 x 10'® cm ™ is expected, assumingof models at a wide range of physical conditions to the spectrum
that most of the gas along the line of sight is molecular arg Elias 29. Thus, here we assume that the lines of the hot and
the conversion facta (H) /N(CO)=5000 applies (Lacy et al. cold gas have different radial velocities and the optical depth
1994). Then, the ratio of hot to cold CO gas along the line gpectra can simply be added. We find that indeed a significant

sight must be at least 0.2. amount of ‘cold’H,0 vapor, atT,, < 200 K may be present
(Fig.[13). AtT.x < 100 K the column density exceeds the as-
3.3.2. HO gas sumed hotl,O column density ofV = 5 x 10'7 cm™2. For a

line width ofbp=5.0km s~ !, we find thatV < 1 x 10'® cm~2.
We compare the numerous narrow absorption lines detected\np =2 5 km s~—!, the column density of this coltl,O gas

the 5-7.3um spectral region of Elias 29 with model spectra afannot be constrained.

H,0 vapor at various physical conditions (Fig] 13). Clearly, the 1o summarize, the lines in the 5-7:8n range are rea-
many lines observed at wavelengths longer th&b5um are  gonaply fitted withH,O models atlL, ~ 350 %+ 200 K, and
explained byt,O vapor at a high temperaturéy >100 K).  n=(7 + 4) x 10!7 cm~2 at low line optical depths. For nar-
On the other hand, the relative weakness of the lines obserygger lines <5 km s~1), the column density can be an order
in the range 6.55-6.6bm imposes a strict upper limit to the of magnitude larger. In accordance with the gaseous CO along
temperature of this hot ga$ <1000 K). To further constrain the Jine of sight, equally good fits are obtained with a two com-
the gas temperature, and thigO vapor column density, we nonent model, where the cool component fias < 200 K,
determined the 2 for a large number of models. Reasonablgnd the warmer componefit, >500 K. The cool component

fits to the full 5-7.3um range are obtained for temperatureg then at least as abundant as the wais gas (TabléR).
of T, = 350 + 200 K. The column density is constrained to

N=(7+4) x 10'" cm~2 for low line optical depthst(, >5). For
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T T T T I T T T T I T T T T I T T
r Elias 29 b
0.0

H,0 T= 300 K

0.2 -
L T= 50 K + T= 500 K i

a Fig. 13. Optical depth plot of gaseous
H>O lines observed toward Elias 29 (top),
compared with model spectra at vari-
ous temperatures. Column densities are
N = 5 x 10'7 cm™2 for all models,
andbp=5.0km s~ ! (T.x = 50 K models
havebp=2.5km s~ ). The single compo-
nentT = 300 K and the two component
T = 504500 K models give equally good
fits. The models with just cold{ = 50 K)

or very hot (" = 1000 K) gas clearly do
not fit the data.

Optical Depth + Constant

6.5
A (pm)

Table 3. Line-of-sight averaged solid and gas phase abundaiéég in units of 10~°)

species Dense Clotid N7538/9 W 33A Elias29 GL 2591 Refs.
H,O-ice 64 50 39-143 28 (8) 10 [1]1,[2],[3,41,[5].[6]
—gas <1 <31 <3.6 >3 24 (3) [71.[81.8].[5],[8]
CO-icé! [total] 17 (1) 8(1) 3.2(1.8) 1.4(0.2) <<1 [91.[9].[9].[5],[10]
—ice [apolar] 14 (1) 7 (0.5) 0.8 (0.1) 1.2 (0.2)<< 1 [91,[9],[9].[5],[10]
—gas <10 91 (51) 143(32) > 67° 113 (15) [11],[12].[12],[5],[12]
CO,—ice 12 (3) 10 (1) 5.2 (0.5) 5.4(0.5) 0.9(0.1) [13],[13],[13],[13],[13]
—gas - 0.05(0.01) 0.08 (0.02) <0.06 0.15(0.03) [8], [8], [8]. [8]
NHj—ice - 7.6 6.1 < 3.0 - [14].,13], [5]
CH3;OH-ice <18 2.0 7 <13 4(2) [15],[15],[15],[5],[16]
H,CO-ice - 1.9 2.5 <0.5 - [4], [4], [5]
HCOOH-ice - 1.1 0.6 <0.3 - [41, [41, [5]
CHy—ice - 0.8 0.6 <04 - [17],[171,[5]
OCS-ice <0.13 - 0.07 < 0.02 - [18],[18],[5]
‘XCN'—ice <13 1(0.3) 3.6 (1) <006 - [19],[19],[19].[5]
Ny [10%% cm™2]°  0.39 1.6 2.8 1.2 1.7 [201,[201,[201,[5].[21]

# Ice abundances are for Taurus dense cloud toward Elias 16. Gas phase abundancesCyph @oud.

b References from left to right for each column: [1] Chiar ef’al. 1995; [2] Schutte Ef al] 1996; [3] GibH_ef al. 2000; [4] Keare_eflal. 2000;
[5] this work; [6] Smith et all 1989; [7] Liseau & Olofsson 1999; [8] Boonman €t al. 2000; [9] Chiarlet all 1998; [10] van Dishoe¢k etal. 1996;

[11] Caux et al. 1999; [12] Mitchell et &l. 1990; [13] Gerakines €t al. 1999; [14] Lacylet all 1998; [15] Chidr et dl. 1996; [16] Schuite ef al. 1991;
[17] Boogert et al. 1998; [18] Palumbo etfal. 1997; [19] Tegler et al. 1995; [20] Tielens et al. 1991; [21] this wdk, Fig. 2

< All models assumép=>5 km s~ * for hot gas andp=2.5km s~ * for cold gas

4 Total CO ice abundance given as well as the abundance present in the polar and apolar ice components along the line of sight

¢ Determined from the 9.Zm silicate band

Ny = 1.2 x 10% cm~2 (Sect[3H]. We compare these abun-
dances with a sample of sight-lines, spanning the range from
dark cloud core to fairly evolved protostars (TdHle 3). As atracer
We have calculated line of sight averaged gas and solid statdces in quiescent dark cloud material, we chose the object
abundances toward Elias 29, by dividing the column densitieias 16, an evolved star by chance located behind the Taurus
derived in this paper over the total hydrogen column densityolecular cloud (e.g. Whittet et al. 1998). Gas phase CO and

4. Discussion

4.1. Gas and solid state abundances

! For actual, local, abundances in high mass protostars we refer to
Boonman et al[(2000)
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Table 4. Gas-to-solid state column density ratios rather than W 33A or GL 2591. The combination of high gas
phase abundances and temperatures, together with a lack of
Object co H0* CO2*  Twarm® signatures of thermal processing in the ice bands, as seen in
DarkCl. <1 <0.02 - _ Elias 29, is remarkable and is not seen in high mass protostars.
N7538/9 12(6) <0.05 0.005 180 (40) Geometric effects may play an important role in the evolution of
W33A  45(22) <0.11 0.015 120 (20) molecular envelopes around low mass protostars (sed Séct. 4.2).
Elias29 >53 >0.23 <0.011 1000 (500) Whereas thermal evaporation can explain the abundance
GL2591 >400 24 0.17 1000 (200) variations of volatiles such d$,0, CO,CO,, NH3, andCHy,
@ Determined from TablEl 3 other mechanisms are needed to explain the variations of solid
> Temperature of warm CO gas (Mitchell etal. 1990) CH3OH, and XCN abundances among the sourcesin our sample

(Table3). It has been widely considered that XCN molecules are
formed by energetic processing of icy grain mantles by stellar

H,O abundances in dense clouds were taken from 1ISO-LV@scosmic ray induced far-ultraviolet radiation, or by bombard-
studies (Caux et dl. 1999; Liseau & Olofs$on 1999). The ledBent with highly energetic particles (e.g. Lacy etal. 1984, Grim
evolved protostar in our comparison sample is NGC 7538 : IRS9Greenberg 1987, Allamandola etlal. 1988). The Hig; OH
The infrared spectrum of this deeply embedded object is chapundances toward sources with deep XCN bands, and the ap-
acterized by cold ice (Whittet et 4l 1996), and the gas phagerent absence 6fH;OH toward low mass protostars and dark
temperatures and abundances indicate a very modest hot &eds might suggest that the energetics of nearby massive stars
(Mitchell et al.”T99D; Boonman et al. 2000). W 33A is moré needed to produdeH;OH (Gibb et al[2000).
embedded than NGC 7538 : IRS9, but does have a significant
amount of warm gas along the line of sight (Mitchell etal. 199Q; > The structure of Elias 29
Lahuis & van Dishoeck 2000; Boonman et al. 2000), and has a
lower abundance of volatile ices (Tielens efal. 7991). The mddie variety of dust, gas and ice absorption and emission compo-
evolved objectin our sample is GL 2591. Itis a typical high ma§&nts presented here, and in the literature, allows us to construct
hot core source, with low ice abundances and high gas temp@\@overall view of the structure of Elias 29. The scale on which
tures. All these protostars are associated with infrared reflectfh detected hot CO gas is present can be constrained when
nebulae, and have well developed high velocity molecular o@2€ assumes that the pure rotational high-J CO emission lines
flows (Mitchell et al 1991 ; Bontemps et al. 1996; van der Tak éetected toward Elias 29 with ISO-LWS (Ceccarelli et al., in
al.[2000). Finally, it is important to note that all the comparisoPf€p.) are emitted by the same hot gas. We fitthese observed line
protostars are at least three orders of magnitude more lumin8u%es, by assuming spontaneous, optically thin emission from
than Elias 29. This allows an investigation of the effect of lo@n LTE level distribution, and leaving the size of the emitting
and high mass star formation on the molecular envelopes. rgion as a free parameter. For the range of column densities and
extensive comparison with low luminosity embedded objectstgmperatures found to fit the CO absorption lines (Fig. 11b), we
at present not possible, because their infrared gas and solid digfédiameters in the range 85-225 AU. Thus, the observed hot
characteristics have not been studied in such great detail. CO gas may be present in a hot core region with the size of
TheH,O and CO ice abundances decrease for the Sequeﬁ@rcumstellar disk. The gas could be concentrated in a high
of quiescent dense cloud to NGC 7538 : IRS9, W 33A arflensity photospheric layer above the disk. To sufficiently heat
GL 2591 (Tabl€B). At the same time, the gas pHase abun- it by radiation from the central star, the disk needs to flare out-
dance, the gas phase CO aHdO temperatures, as well aswards, rather than being flat (e.g. Chiang & Goldreich 1997).
the gas-to-solid ratios (TaH[g 4), increase for these objects. Y cannot exclude however that the gas is present more uni-
these effects can be explained by evaporation of the ice mimly in the hot core, at lower densities. It might then also
tles and heating of the hot core. It has been suggested thatRfigpartly heated by shocks from the outflow close to the star.
observed—IQO gas may also have been new|y formed by reaé. more detailed mOdeling of the CO emission lines, inClUding
tions of atomic O andi, in warm conditions{ > 200 K) in departures from LTE, optical depth corrections, and taking into
the central hot core or in shocks created by the outflow (e.gccount excitation by radiative pumping, are needed to further
van Dishoeck & Blaké 1998). However, the total (gas plus ic€pnfine the location of the gas phase CO &ia) components
H,O abundance decreases for the more evolved objects, if§ieccarelli etal., in prep.).
cating thatH,O is destroyed rather than being newly formed The lack of signatures of thermal processing in the ice bands,
(van Dishoeck 1998). The low gas pha$®- abundance in all locates the ice in a region shielded from the central heating
sources indicates that this molecule is destroyed even more &@urce. The ices could be present in a foreground cloud, an
ciently after evaporation from the grains (Boonman et al._200@¢tended envelope, or a circumstellar disk seen close to edge-on.
Charnley & Kaufmar 2000). Millimeter wave continuum observations indicate an extended
In the proposed heating sequence, Elias 29 is placed afBrelope, concentrated on the infrared source (FWHNz17
W 33A, and before GL 2591. However, the various ice bard$00 AU; Andé & Montmerle[ 1994; Motte et al. 1998). For
profiles H,0, CO,CO,, and 6.85:m) in Elias 29, indicate little @ wide range of power law model fits to the far-infrared SED,
thermal processing, resembling very much NGC 7538 : IRS3ndré & Montmerle find that the envelope mass is 0/3,, with
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avolume averaged dust temperature of typicall:35 K. This  face-on to explain the absorption line spectrum of Elias 29 (Chi-
temperature is high enough to evaporate the most volatile, ap@ag & Goldreichi 1999). In these models, an inclination larger
ices, but too low to induce ice crystallization. Hence, indeed thigan~70° can however be excluded, because this would give an
observedH,0O, CO,, and probably “6.85"%um ices could be SED thatpeaksinthe far-infrared, in contrasttowhatis observed
associated with this extended envelope. Some of the apolar fo©Elias 29. Also, if the disk were edge-on, a higher absorbing
ice has evaporated in the envelope after the formation of the loelumn, perhaps an order of magnitude larger than the observed
mass protostar, as indicated by the significantly lowerlGQY Ny ~ 1.2 x 10?3 cm—2 (Sect[3:2) would be expected (Seki-
ice ratio toward Elias 29, compared to other sight-lines witinoto et all’1997). An independent measureNgrand the disk
little thermal processing inthe ices (NGC 7538 : IRS9, Elias 18iclination is provided by the hard X-ray flux and spectrum,
Table[3). In this picture, the detected apolar CO ice could thassing from hot gas in the magnetosphere. For Elias 29, a high
be spatially separate from the other ices, perhaps in foregrouxid ~ 2 x 10?3 cm~2 is observed during X-ray flares, but
clouds, or well shielded in a very cold disk. Ny is a factor of 5 lower in quiescent phases (Kamata et al.
Knowledge of the source structure is essential to interp/E297). Perhaps the X-ray flares are formed low in the magne-
the observed solid and gas phase species. For example, if theasphere, and in the relatively high inclination of the disk, they
is present in the disk, rather than in the envelope, we must sexe higher column densities compared to X-rays formed in
the disk in a near edge-on configuration. Is there independgntescent phases higher in the magnetosphere.
evidence for the presence of a disk surrounding Elias 29 and
what would be its orientation? The most direct view is provided
by lunar occultation observations. A central object with diam- i
eter of ~1 AU emits 90% of the 2.2:m continuum emission - Conclusions and future work

(Simon et al. 1987). The remaining 10% comes primarily fromhe 1.2-195:m spectrum of the low mass protostellar object
an object of 60 AU in diameter, which could be the hot part of@lias 29 in thep Ophiuchi molecular cloud shows a wealth
disk (I" ~ 1000 K). The strongest spectroscopic disk indicatasf absorption lines of gas and solid state molecules. Hot CO
would be the presence of emission or absorption of vibrationgld H,O gas are detected(, >300 K) at rather high abun-
overtone band heads of CO (e.g. Garr 1989; Najita €t al.1199ances, on scales of not more than a few hundred AU. The ice
The 2.0-2.5um spectrum of Elias 29 does not show these feabundances are relatively low. In this respect, Elias 29 resem-
tures, in contrast to other protostars,iOph, such as WL 16 ples luminous protostars with significantly heated cores, such
(Greene & Lada 1996). However, the absence of CO overtogeGL 2591. Howevenoneof the many ice bands that are de-
bands does not prove the absence of an (inner) disk (Calvefegted, i.e. front,0, CO,CO,, and the 6.85:m band, shows
al.[1991). For example, the Herbig Ae object AB Aur does nelutspoken signs of thermal processing. Again in comparison
have detected CO overtone bands, while high spatial resolutigith luminous protostars, Elias 29 now resembles less evolved
radio continuum and emission line observations provide stropBjects, such as NGC 7538 : IRS9. Our combined gas and solid
evidence for the presence of a circumstellar disk around thigite analysis thus shows that high and low mass protostars heat
object (Mannings & Sargent 1997). their molecular envelopes in different ways. This may be related
AB Aur is an interesting comparison source, since it has thgtheir different structure, such as the presence of a circumstel-
same luminosity as Elias 29-60 L), and the SEDs of both |ar disk in low mass protostars. The hot gas of Elias 29 could
objects are remarkably similar (Fig. 2). The flatness of the SEJ@ present on the surface of a flaring disk, which is efficiently
in AB Aur is well reproduced in flaring disk models, where th@eated by the central star. The ices toward Elias 29 must be well
dustin the outer parts of the disk is more efficiently heated thghielded in a circumstellar disk seen close to edge-on, or far
in flat disks (Chiang & Goldreich 1997). The disk is opticallyway in the envelope.
thick up to 100um, and becomes optically thin at longer wave-  Does this imply that in general the ices in the disks or outer
lengths where the SED drops steeply (e.g. van den Ancker efedtlvelopes of low mass protostars remain unaltered, both in com-
2000). The similarity of the SEDs does however not necessaiglysition and structure, during the process of star formation? Are
imply that Elias 29 is dominated by an optically thick disk aghese ices the building blocks of the early solar system and are
well. A flat SED could also be produced by the envelope, if fhey preserved in present day observed cometary nuclei? To
has a shallow power law density profile (index).5; André & date, no Class | protostar has been found with strong signs of
Montmerle[1994). This density profile is remarkably flat comerystalline ices (Boogert et dl.-2000). On the other hand, the
pared to high mass protostars (van der Tak et al. 2000; Dartgigsence of crystalline ices and silicates has been reported in
etal[1998a), and other low mass protostars (e.g. Hogerheijdedveral isolated, less embedded Herbig AeBe objects (Malfait
Sandell2000). Finally, flat energy distributions are also creatgflal [1999). This research needs to be extended to a larger sam-
by the combination of a disk and envelope. Here, the heajgid of low mass protostars, in a range of evolutionary stages and
envelope irradiates the outer parts of the disk (Naftal1993). juminosities. Furthermore, it is essential for the interpretation
Without direct high resolution imaging, it is difficult to dis-of the gas and solid state characteristics toward Elias 29 that the
criminate between these models. Assuming a given model hgyesence of a circumstellar disk, and its inclination are deter-

ever, the present observations put some constraints. In the @iiked by future high spatial resolution infrared or millimeter
scenario, its orientation would have to be closer to edge-on thashtinuum observations.
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